We propose a novel particle physics model in which vector dark matter (VDM) and dark radiation (DR) originate from the same non-Abelian dark sector. We show an illustrating example where dark SU (3) is spontaneously broken into SU (2) subgroup by the nonzero vacuum expectation value (VEV) of a complex scalar in fundamental representation of SU (3). The massless gauge bosons associated with the residual unbroken SU (2) constitute DR and help to relieve the tension in Hubble constant measurements between Planck and Hubble Space Telescope. In the meantime, massive dark gauge bosons associated with the broken generators are VDM candidates. Intrinsically, this non-Abelian VDM can interact with non-Abelian DR in the cosmic background, which results in a suppressed matter power spectrum and leads to a smaller σ 8 for structure formation.
I. INTRODUCTION
It has been well established that about 25% of energy density in our Universe is made of non-baryonic dark matter (DM). From the perspective of particle physics, weakly-interacting massive particle (WIMP) is one of the nicely motivated candidates. In WIMP scenario, DM is in thermal equilibrium with standard model (SM) particles at high temperature and freezes out at later time. Such an optimistic framework has triggered enthusiastic DM searches in direct, indirect and collider detection experiments. However, we have to admit that so far all confirmed evidence for DM is only from gravitational interaction, which leaves wide possibilities for DM's particle identities.
Recently, there are renewed interests in interacting DM-DR models [1] [2] [3] [4] [5] [6] [7] [8] [9] which could have distinguishing effects on large scale structure. Depending on the DM-DR interactions, these effects can be similar to baryonic acoustic oscillation or dramatically different. Motivations for such models are at least twofold. One is that the DR component could help to resolve the conflict between Planck [10] and Hubble Space Telescope (HST) data [11] . The other is that interaction between DM and DR can give a smaller σ 8 for structure growth, suggested by low redshift measurements, such as weak lensing survey CFHTLenS [12] . These tensions have stimulated various investigations on cosmological models [6, 9, [13] [14] [15] [16] [17] [18] [19] .
In this paper, we propose a new scenario where DM and DR have the same origin from a single Yang-Mills dark sector, unlike early attempts where DM and DR have different identities [1] [2] [3] [4] [5] [6] [7] [8] [9] . In our framework presented below, a non-Abelian gauge group is spontaneously broken into its non-Abelian subgroup. The massless gauge boson associated with the residual subgroup constitutes non-Abelian DR, while other massive gauge bosons make non-Abelian VDM candidates. Naturally, VDM can interact with DR through the original Yang-Mills gauge interactions, inducing some observable effects on cosmology and astrophysics. This paper is organized as follows. In Sec. II, we start with an explicit example where dark SU (3) is broken to its subgroup SU (2) by nonzero VEV of a complex scalar belonging to the fundamental representation of SU (3). Then we generalize to dark SU (N ) that is broken into SU (N − 1), and give a brief proof why the massive gauge bosons are stable and therefore make good DM candidates. Next in Sec. III, we discuss some phenomenologies and constraints on such a class of models, especially on DM-DR scattering, DM self-interaction and DR's contributions to N eff . Then in Sec. IV, we estimate how DM's relic density can be satisfied with freeze-in process. Later in Sec. V we illustrate the effects on matter power spectra in the interacting DM-DR scenario. Finally, we give our conclusion.
II. THE MODEL
Let us begin with a simple, illustrating case with hidden SU (3) broken into SU (2). We consider a hidden sector complex scalar Φ that belongs to the fundamental representation SU (3) with the following Lagrangian:
where 
After Φ gets a non-zero vacuum expectation value (vev), in unitary gauge we would have
Due to the spontaneous symmetry breaking by the above vacuum configuration, gauge bosons A 4,··· ,8 obtain masses from the interaction term
while gauge bosons A 1,2,3 associated with the unbroken gauge group SU (2) are still massless.
One key feature we would like to point out is that the physical dark Higgs boson φ with mass m φ = 2λ φ v φ couples to massive A Fig. 1 , which, as we shall show later, provides an alternative production mechanism for DM and DR rather than the usual thermal production.
The interactions among A a µ s are determined by F a µν F aµν . For example, the vertex function 
The structure constants for SU (3) are given by
All other f abc s are zero if the indices (abc) are not related the above ones by permutations. We can generalize the above discussions to the case in which dark SU (N )(N > 2) gauge symmetry is spontaneously broken into SU (N − 1) subgroup. We then have 2N − 1 massive gauge bosons as VDM candidates where their masses are given by
and N 2 − 2N massless gauge bosons as dark radiation. This can be proved by looking at the structure of f abc . We divide the generators t a into two subsets, must be among the second subset to give no vanishing f abc , because t N 2 −1 commutes with t
can not decay. Therefore, due to the interaction structure in Eqs. (5) and (6) We should emphasize that the residual gauge group being non-abelian rather than U (1) is crucial in this paper. Otherwise, the massless gauge boson is just ordinary DR [20] [21] [22] but can not mediate sizable interaction between DM and DR, see Refs. be too small to have effects in the late-time universe. Therefore, such a scenario can not change σ 8 and would not be able to resolve the tension. However, in the non-abelian case, we have diagrams like Fig. 3(left) where the vertex with triple massless gauge bosons shows up. This leads to the DM-DR scattering cross section scaling as σ ∼ g 4 /T 2 , which could grow large as the universe cools down. So the scattering rate could actually be important in the whole radiation-dominated era and the structure growth at the corresponding scales can be affected.
Also, if the gauge group is completely broken, there will be no DR left in the model, although massive bosons are still DM candidates [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
III. PHENOMENOLOGY AND CONSTRAINTS
Phenomenologies of the above model in particle physics, cosmology and astrophysics can be very rich, depending on the mass spectra and the coupling strengths. There could be confinement if gauge coupling g is large. Neglecting mass threshold effect, the confinement scale Λ for residual SU (2) is obtained by
where µ 0 is some reference scale at which g(µ 0 ) is given. Below confinement scale, we shall expect that hidden glueball associated with unbroken gauge symmetry with mass ∼ Λ could also be dark matter candidate. Phenomenology about glueball DM has been well considered, see Refs. [34] [35] [36] [37] [38] [39] . Moreover, depending on the relative size of confinement scale and v φ , the vectorial bound states of Φ, other than glueball or A 4,...,8 , might be the DM candidates [40] .
In the rest of our paper, we shall not pursue the confinement case further.
Now we focus on the unconfined case with relatively small g. For example, we check that if g(µ 0 = 1TeV) ∼ 10 −1 , Λ ∼ 10 −500 TeV for the residual SU (2) and is much smaller than the current temperature of our Universe, T γ ∼ 2.73K ∼ 8.6 × 10 −5 eV. In such a case, there will be no hidden glueballs or other bound states but only massless self-interacting gluon radiation in cosmic background.
DM-DR Scattering: Suppose we have massless DR A a with temperature T A in cosmic background. Then VDM A m should scatter with this DR through such a diagram shown in Fig. 3 (left) . This may induce collisional damping in the matter power spectrum [41] [42] [43] , which would be similar to baryonic acoustic oscillation with different scale-dependence. The gauge coupling that is still allowed to have sizable effects on LSS is related with DM masses
where the Planck scale M P ∼ 10 18 GeV. For T A ∼ T γ and m A ∼ 10TeV, we have g ∼ 10 −3.5 .
The suppression effect leads to a smaller σ 8 , which can help to relax the tension between
Planck's data and other experimental results [12] . With such a small coupling, VDM A cannot be the usual thermal dark matter and we shall provide an alternative production mechanism with low reheating temperature in Sec. IV. potentially can contribute considerably to the energy density of radiation in cosmic background, namely shifting the effective number of neutrinos, N eff . The production of massless A a is mainly through the decay of φ, because the thermal production is too small due to the smallness of the loop-induced coupling. The decay width of φ → A a + A a from the A m -loop can be estimated as
One may introduce additional new heavy SU (N ) charged fermion/scalar to increase the decay width.
One subtlety is that φ might decay non-relativistically. In such a case, considerable entropy will be produced, which could result in too large δN eff . This problem can be easily then φ's would also "heat up" the SM thermal bath before BBN. By tuning the size of λ φH and φ's decay branch ratios, we can get any required δN eff .
With the Higgs portal coupling, φ can decay into two SM Higgs bosons, h, which quickly decay into other SM particles. The decay width for φ → hh is around
With Γ A /Γ h ∼ 0.1 to have considerable DR A a as δN eff ∼ 0.6, we can estimate
If we take g ∼ 10 
IV. RELIC ABUNDANCE AND THERMAL HISTORY
We investigate the production of massive VDM A m through freeze-in mechanism by
The cross section for this process behaves as g 4 /E 2 , where E is total energy of the colliding φs. When m A T (T is thermal temperature of φ, which could be different from the one shared by SM thermal bath), effectively only those φ's with E T at the high energy tail of thermal distribution are energetic enough to produce massive A m .
Therefore, we expect there should be a Boltzmann suppression factor like exp (−E/T ). We can solve the Boltzmann equation
where
, M is the matrix element for φ + φ → A m + A m , and f i is the Bose-
We have neglected the reverse process due to the smallness of number of A m s. Rewrite the right-handed side approximately
where the integration is over E 1 + E 2 ≥ 2m A , then we can follow the standard procedure to do the numerical computation as Ref. [46] . In the following, we will instead try to estimate the size of g analytically by making some simplifications. We approximate Eq. (14) with
which has the correct dimension and should be able to give conservative estimation. Introducing Y A ≡ n A /s, where s ∼ T 3 is the entropy density, we have dn A /dt + 3Hn A = sdY A /dt
In the radiation-dominant epoch, we have dt = −dT /(HT ) and can rewrite the Boltzmann
We can solve the above differential equation and get
where T reh is the reheating temperature after inflation. To get the correct relic abundance for VDM A m , we should have
where Ω b and Ω A are the energy density fractions of baryon and dark matter, respectively, Ω X /Ω b 5, m p 1GeV is proton mass and η 6×10 −10 is baryon-to-photon ratio. Finally, we have the relation for m A /T reh ,
If g 2 10 −7 , which is also large enough for thermalizing massless A a , we can get m A /T reh ∼ 30. It is also expected that larger g 2 would require larger m A /T reh or relatively smaller T reh .
In the above rough estimation, we have assumed instantaneous reheating for simplicity.
The effects from reheating over a finite period time are surely important, but is more modeldependent. One immediate effect is from the fact that the highest temperature T high might be larger than the usual reheating temperature T reh [47] , then we should substitute T reh with T high in the above calculation and also consider the corresponding entropy production factor.
We also need to consider the dilution effect from entropy production due to the late-time decay of φ. In the simultaneous decay approximation, the ratio for the entropy before and after the φ decay is given by [48] 
where Γ = Γ A + Γ h is the decay width of φ. If we take g ∼ 10 interactions except inflation, then the overall picture of thermal history in our scenario is shown schematically in Fig. 5 . After inflation and reheating, dark sector and SM sector have already decoupled due to the tiny λ φH ∼ 10 −18 . As shown above, DM A m is mostly produced at the high temperature due to the freeze-in mechanism, φ + φ → A m + A m . This is because A m only has gauge interactions which is not large enough to make it as thermal DM. Since φ couples to DR A a at one-loop level as Fig. 1 , its decay width is small so that its lifetime becomes long. Therefore, φ decays non-relativistically into both DR A a and the SM sector. In the decay process, entropy is produced and we can adjust the branch ratios with proper λ φH as Eq. 12 to get sizable δN eff for DR A a .
V. NUMERIC RESULTS
To visualize DM-DR's effects on matter power spectrum, we have modified the public code Class [49] to implement the coupled Boltzmann equations [50] ,
where dot means derivative over conformal time dτ ≡ dt/a (a is the scale factor), θ r and θ m are velocity divergences of DR A a and DM A m , k is the co-moving wavenumber, Ψ is the gravitational potential, δ r and σ r (σ r = 0 for A a as perfect fluid) are the density perturbation and the anisotropic stress potential of A a , and H ≡ȧ/a is the conformal We illustrate the effects on matter power spectrum P (k) in Fig. 6 where the solid lines are the outputs from ΛCDM and the dot-dashed lines are for interacting DM-DR scenario.
The left panel shows the overall picture of P (k) which the right one shows the ratio. It is clearly that power spectrum can be suppressed when DM-DR interaction is considered. We 
and treat neutrino mass the same way as Planck did with m ν = 0.06eV, which gives which is much closer to the value σ 8 0.730 given by weak lensing survey CFHTLenS [12] .
VI. CONCLUSION
In this paper, we have proposed a particle physics model in which vector dark matter (VDM) and dark radiation (DR) have a common origin, namely a Yang-Mills dark sector. We have explicitly shown an illustrating case where dark SU (3) gauge group is spontaneously broken to its SU (2) subgroup. The residual massless gauge bosons constitute DR while other massive ones make up the VDM. Interestingly, VDM naturally can scatter with DR through the original Yang-Mills self-interaction, which can lead to a suppressed matter power spectrum and give rise to a smaller σ 8 for structure growth. On the other hand, DR also helps to resolve the tension in Hubble constant measurements between Planck [10] and Hubble Space Telescope [11] .
In the minimal model with one fundamental scalar that breaks the dark gauge symmetry, the new massive Higgs boson only couples to residual massless gauge boson at loop level, so the coupling would be too small to thermalize DR. However, production of DR could be due to the decay of this new Higgs. The viable way to produce DM with correct relic abundance can be realized in freeze-in mechanism, provided the reheating temperature is about one order-of-magnitude smaller than DM mass.
